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i.  INTRODUCTION 


1.1  The  Problem 


An  Important  Air  Force  objective  la  to  develop  technology  to  allow  the  utilization 
of  aviation  fuela  with  a  broader  range  of  propertiee  including  lower  hydrogen 
content  and  higher  aromaticity.  Such  fuela  will  be  increaaingly  important  ea  the 
aourcea  ahlft  to  heavier  petroleum,  oil  ehale,  tar  aanda  and  coal  derived  fuels. 

The  combuation  of  euch  fuela  adda  aubatantlal  complexities  to  fuel  volatilization 
and  pyrolysis,  and  increaaea  the  potential  for  higher  radiative  emission  from  soot, 
reducing  the  useful  life  of  turbine  combustors  (1_,2^.  Also,  the  smoke  emitted  from 
an  engine,  resulting  from  unburned  soot,  la  both  a  pollutant  and  a  problem  due  to 
increased  visibility  for  detecting  and  targeting  of  military  aircraft. 

Current  research  suggests  that  the  sooting  potential  of  an  aircraft  fuel  increases 
with  decrease  in  hydrogen  (_!)  or  alternatively,  increases  with  increasing  aromatic 
content  (£)•  The  problem  is,  therefore,  to  provide  fuel  specification,  .uel 
processing  strategies  and  combustion  design  concepts  to  reduce  soot,  but  which  still 
allow  utilization  of  readily  available  fuels.  While  many  trends  have  been 
established,  there  is  no  accepted  model  for  soot  formation.  This  lack  of 
understanding  hinders  our  ability  to  provide  combustor  design  and  fuel 
specifications.  For  example,  Lefebvre  (2.)  points  out  that  “it  is  quite  possible 
that  not  all  of  the  various  types  of  aromatics  (1-ring,  2-ring,  etc)  are  equally 
effective  in  producing  soot  and  thus  a  better  correlation  of  smoke  emission  might  be 
achieved  by  neglecting  certain  aromatic  constituents  of  the  fuel." 

To  develop  the  appropriate  technology  to  utilise  such  fuels,  it  is  desirable  to 
develop  capabilities  to  experimentally  study  and  theoretically  model  the  combustion 
of  sprays  of  multi-component  fuels,  Including  fuels  with  higher  boiling  fractions 
and  aromatic  and  heteroatom  components.  Such  models  will  be  necessary  input  to  the 
large  computer  codes  which  calculate  the  characteristics  of  two  phase  reacting  flows 
in  two  and  three  dimensions  (jW).  The  current  level  of  understanding  of  droplet 
and  spray  combustion  is  diteuTeed  in  several  reviews  (8-13).  For  the  simplest  case 
of  Isolated,  single  component,  volatile  paraffin  dropsT  the  “d' "-Law  model  has  been 
well  established.  For  this  case  it  is  assumed  that  the  fuel  vaporizes  from  a 
homogeneous  fuel  drop  and  diffuses  to  the  flame  tone  without  cracking  and  without 
radiative  absorption  or  emission.  For  higher  molecular  weight  fuels  with  aromatic 
components,  separation  of  components  during  vaporization,  pyrolysis  of  the  fuel , 
soot  formation,  and  radiative  absorption  and  emission  by  the  soot  become  important. 

1 .2  The  Solution 

The  objectives  of  this  program  were  to  develop  a  data  base  and  modeling  capabilities 
to  relate  vaporization,  pyrolysis,  and  soot  formation  to  the  properties  of  the  fuel, 
the  atomizer  and  combustion  conditions.  It  is  soot  generation  aud  its  radiation 
which  appears  to  be  the  major  problem.  Based  on  the  Phase  I  results,  it  appears 
that  the  "hydrogen  available  for  release”  in  pyrolysis  controls  Boot  production.  A 
major  focus  of  the  further  work  will  be  to  identify  how  this  parameter  can  be 
measured,  the  mechanisms  by  which  it  affects  soot  production  and  methods  based  on 
these  mechanisms  for  controlling  soot.  The  relation  between  soot  production  and 
"available  hydrogen"  is  discussed  in  more  detail  in  Sec.  2. 

The  Phase  I  program  has  demonstrated  that  substantial  progress  can  be  made  in 
developing  a  general  fuel  combustion  model  by  employing  successful  experimental  and 
theoretical  methods  already  developed  at  Advanced  Fuel  Research,  Inc.  for 
characterization  of  complex  hydrocarbons  in  combustion  and  gasification.  The 
development  of  the  experimental  and  modeling  techniques  have  been  uponsored  by  the 

*Um  «  SlMlotur*  •(  ik.  au  M  Iimi  «y*tl(U«Ur  UtumW  ky  Hl.dik  (•>  Ml 
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United  States  Department  of  Energy  (14,15),  the  National  Science  Foundation  (16,17), 
the  Electric  Power  Research  Institute  (18,19) ,  and  the  Gas  Research  Institute 
(20,21 ) »  Successful  application  of  these  techniques  for  fuel  studies  was 
demonstrated  in  Phase  I, 

1.3  Phase  1  -  Technical  Objective 

a  Demonstrate  the  capabilities  of  a  high  temperature  entrained  flow  reactor 
with  on-line,  in-sltu  analysis  by  FT-IR  to  measure  pyrolysis  species 
temperature  and  radiation  characteristics. 

a  Provide  data  on  vaporization  and  pyrolysis  of  a  multi-component  liquid 
drop  stream. 

e  Perform  characterization  of  the  fuel  by  quantitative  FT-IR,  FXMS  and 
programmed  pyrolysis/FT-lR. 

e  Correlate  volatile  amounts  and  rates  with  fuel  characteristics. 

e  Select  appropriate  models  for  various  elements  of  fuel  volatilization. 

e  Answer  questions  on  amount  of  distillation  in  vaporization,  pyrolysis  of 
volatiles,  soot  formation  and  coking. 

1.4  Summary  of  Phase  I  Accomplishments 

*  a  Excellent  results  obtained  using  FT-IR  emission  and  transmission  for 

*  on-line  monitoring  of  soot  and  gas  concentrations  and  temperatures.  (See 

ft  Section  2.1). 

* 

e  a  Quantitative  data  obtained  for  vaporization,  pyrolysis,  and  soot  formation 
ft  for  JP-4,  JP-7,  dodecane  and  ERBS  at  temperatures  up  to  1573K.  (See 

*  Section  2.1). 

* 

*  e  Good  correlation  obtained  between  radiative  emission  intensity  and  weight 

*  of  soot  collected.  (See  Sec.  2.1). 

* 

ft  e  Observation  of  substantially  different  soot  production  for  three 

*  multi-component  and  four  pure  hydrocarbon  fuels.  The  variation  correlates 

*  with  aromatic  content  but  not  with  hydrogen  coi  tent  (JP-4  which  has  a 

ft  higher  hydrogen  content  than  JP-7  produced  sul  ..tantlally  more  soot).  (See 

*  Section  2.1). 

* 

*  e  Good  correlation  of  soot  radiative  emission  intensity  under  pyrolysis 

*  conditions  with  smoke  point  and  soot  produced  in  a  jet  engine  at 

ft  take-off  conditions  (see  Sec.  3). 

* 

ft  e  Possible  identification  of  a  controlling  factor  in  soot  formation 

*  ("hydrogen  released  during  pyrolysis")  which  provides  a  better  correlation 

ft  with  sooting  behavior  than  total  hydrogen  or  aromaticity.  (See  Section  3 

ft  for  discusalon  of  results). 

* 

*  e  Observation  of  the  effect  of  oxygen  in  increasing  soot  at  low 

*  concentrations  and  decreasing  soot  at  high  concentrations.  (This  effect 

*  is  discussed  in  Sec.  2.1  and  Sec.  3). 
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*  •  Demonstration  of  FT-IR  and  FIMS  for  quantitative  characterization  of  fuel 

*  including  factors  controlling  soot  production.  (See  Section  2.2). 

*  •  Observation  of  fuel  composition  changes  In  vaporization  and  pyrolysis  by 

*  FT-IR.  The  changes  fall  between  the  results  expected  for  distillation  and 

*  for  complete  mixing.  (See  Section  2.3). 

e  e  Development  of  gas  phase  cracking  model  for  fuel  components.  (See  Section 

e  2.4). 

e  e  Demonstration  of  temperature  programmed/FIMS  for  fuel  characterization. 

*  (See  Section  2.2). 
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2.  PHASE  1  RESULTS 


2.1.  Measurements  of  Vaporization,  Pyrolysis.  Combustion  and  Radiative 
Emission  Behavior  of  a  Fuel  Droplet  Stream  In  the  Entrained  Flow 
Reactor.  (Phase  I  -  Task  1) 

Tha  objective  of  Phase  I,  Task  I,  was  to  elucidate  the  coupled  vaporisation, 
pyrolysis  and  soot  production  behavior  of  a  series  of  increasingly  complicated  fuels 
in  an  entrained  flow  reactor  with  on-line,  in-sltu  FT-XR  spectroscopy.  The  fuel 
series  consisted  of:  1)  a  single  component  paraffin  (dodecane);  ii)  a 
multi-component  aviation  fuel  with  low  aromaticity  (JP-7);  ill)  a  jet  fuel  with 
higher  aromaticity  (JP-4);  and  lv)  a  heavy  multi-component  fuel  (ERBS). 

Experimental 

The  entrained  flow  reactor  is  shown  in  Fig.  1.  It  employs  a  Nicolet  7199  FT-1R  for 
in-sltu  analysis  of  gas  species  and  gas  temperature  and  quantitative  analysis  of  the 
gas  composition  after  cooling.  To  operate  the  reactor,  a  gas  stream  of 
predetermined  composition  is  heated  during  transit  through  the  heat  exchanger 
(maintained  at  furnace  temperature).  The  gas  stream  then  turns  through  the  U-tube 
and  enters  a  5  cm  diameter  test  section,  maintained  at  the  furnace  temperature.  Fuel 
was  introduced  into  the  test  section  at  variable  positions  through  a  movable  water 
cooled  injector.  The  fuel  was  injeeted  as  a  droplet  stream  by  passing  the  liquid 
through  a  section  of  100  micron  ID  hypodermic  tubing  and  mechanically  vibrating  the 
feed  tube  assembly  at  the  natural  drop  formation  frequency.  After  a  variable 
residence  time,  the  reacting  stream  passes  optical  access  ports  and,  immediately 
downstream,  is  quenched  in  a  water  cooled  collector.  There  are  five  optical  access 
ports,  of  which  two  are  presently  employed  for  the  FT-1R  beam.  The  other  three 
ports  are  available  for  additional  diagnostics. 

After  quenching,  the  product  stream  la  passed  through  a  cyclone  to  separate  out 
particulates  larger  than  4  microns.  The  remaining  stream  of  gas,  condensed  oil  mist 
and  soot  is  collected  in  a  bag.  A  gas  sample  is  drawn  from  the  bag  for  analysis  by 
FT-IR  spectroscopy.  Solids  are  collected  on  the  bag  walls  and  in  a  filter  when  the 
bag  is  pumped  out.  The  bag  can  be  used  to  study  the  settling  time  of  the  suspended 
solids  as  a  means  of  determining  particle  size  distributions. 

Figure  2  compares  the  spectra  from  the  ln-situ  analysis  and  room  temperature  gas 
cell  analysis  for  the  furnace  at  1100*C.  In  transmission  measurements,  radiation 
from  a  globar  source  passes  through  the  interferometer  before  traversing  the  reactor 
to  the  detector.  In  passage  through  the  interferometer  the  radiation  gets  amplitude 
modulated  as  a  function  of  wavelength,  and  it  is  only  modulated  radiation  that  is 
detected.  In  this  way  the  transmission  experiment  measures  the  extinction, 
Independent  of  emission  from  the  furnace.  Easily  seen  in  the  hot  spectrum  are  CO, 
CO,,  H,0,  CH^,  and  heavy  paraffins.  The  lower  noise  of  the  room  temperature 
spectrum  permits  the  measurement  of  additional  species  including  C-Hj,  C,H,  ,  C^, 
CjH,,  HCN,  NH3,  COS,  CS2,  SO, 1  and  hsavy  olefins.  This  spectrum  Is  used  for 
quantitative  analysis.  typical  gas  analysis  together  with  the  yield  of  solids 
and  liquids  is  presented  in  Table  I. 

The  relative  intensities  of  the  hot  CO  absorption  lines  can  be  used  for  measuring 
gas  temperature  (22).  Figure  3  compares  the  in-sltu  CO  spectra  at  measured  furnace 
temperatures  of  20*0  and  950*C;  the  calculated  temperatures  from  line  Intensities 
are  30*C  and  1050DC. 

The  FT-IR  can  be  operated  to  measure  emission  (33.)*  Radiation  from  emission  within 
the  entrained  flow  reactor  emerges  through  a  KUr  window,  and  is  directed  by  mirrors 
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Figure  3.  Spectra  of  Carbon  Monoxide  in  Furnace 
at  950  and  20°C. 
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Quantitative  Analysis  of  Pyrolysis  Products 


PYROLYSIS  SUMMARY  REPORT  -  FAFRUN  IS 

RUN  CONDITIONS 


5600  ng.  NO  COAL 


1 3f ff  Degrees  c. 

754.500  an.  Final  Pressure  for  82.8524  liters 
Fuel 

Nine  t  JP?  -  24 


PYROLYSIS  PRODUCT  DISTRIBUTION 


Ut.  X 

Soot 

44.3661 

Oil 

• 

(3as 

32.1711 

Water 

2.15846 

Htmng 

21.4154 

GAS  COMPOSITION 


Ut.  X 

Volune  X 

Methane 

2.7381? 

.28523 

CO 

1.22922 

.87263 

Hydrogen 

• 

• 

C02 

7.62343E-4 

2.86688E-5 

Acetylene 

2.92771 

.18631 

Ethylene 

4.21 738 

.24922 

Ethane 

.32221 

1.77713E-2 

Propylene 

2.37912 

.89372 

Benzene 

4 . 29968 

.09119 

Paraffins 

4.5931? 

.09147 

Olefins 

9.14144 

.18004 

HCN 

.25326 

1.5520BE-2 

Annonia 

1  .43669E-3 

1 .39835E-4 

COS 

-5.15781E-4 

-1.42237E-5 

CS2 

4.77412E-2 

1.03939E-3 

S02 

B.30467E-4 

2. 1 4705E-5 

Uater 

2.15846 

.13099 

Other 

« 

98.5856 

Sas  Total: 

34.2284 

100 

; 


■ 


onto  the  FT-IR  epee t roaster ,  from  which  it  passes  to  a  HgCdTe  detector.  The  overall 
detection  efficiency  for  this  path  is  wavelength  dependent,  and  nust  be  corrected 
for.  This  is  done  by  placing  a  “black-body"  standard,  a  blackened  stainlesa  steel 
rod  of  known  temperature,  within  the  reactor,  and  measuring  its  spectra.  The  path 
correction  at  eech  wavelength  is  found  by  dividing  the  observed  intensity,  corrected 
for  background,  by  the  theoretical  "black-body"  curve  appropriate  to  the  rod 
temperature  measured  with  a  thermocouple. 

It  hea  been  shorn  that  tha  uaa  of  tha  outar  surfaca  of  a  blackened  stainlase  atael 
rod  as  a  gray  body  standard  can  lead  to  systematic  arrora  in  temperatura 
determine cions  of  up  to  20  K  (36).  This  dsflelancy  in  the  present  measurements  will 
be  corrected  in  future  studies  by  the  use  of  e  cavity  emitter. 

Measurements  of  soot  emission  have  been  made  pravlously  by  Vervlsch  and  Coppalle 
(37)  and  by  Bucklus  and  Tien  (38)  in  oxidising  atmospheres.  The  advantage  of  the 
present  method  is  speed,  (a  spectrum  can  be  obtained  in  leas  than  1  sec)  and  both 
spectral  and  spatial  resolution.  A  single  spectrum  of  lower  resolution  presented  by 
Vcrvisch  and  Coppalle  required  three  hours  to  obtain  (37). 

Pyrolysis  Rasults 

Figure  Aa  shows  a  aeries  of  emission  spectra  tsksn  from  pyrolysis  of  JP-A  fuel  in 
the  reactor  at  1300*C.  The  spectra  were  accumulated  over  a  secies  of  reaction 
distances  from  6  to  66  cm,  all  in  undsr  6  minutes.  The  gas  velocity  is  1  meter/sec 
giving  s  maximum  residence  time  of  660  msec.  At  short  reaction  distances  there  is 
evidence  or  the  paraffinic  fuel.  As  the  distances  increase,  the  paraffins  creek  to 
form  olefins  and  the  olefins  creek  to  form  acetylene  until  at  36  cm  there  appears  a 
broad  emission  due  to  soot. 

Figure  Ab  shows  the  corresponding  transmission  spectra.  The  absorption  of  radiation 
by  soot  results  in  the  sloping  spectra  for  46  and  66  cm.  Figure  5  shows  data  for 
1100*0  for  the  same  fuel.  The  data  show  cracking  of  paraffins  to  methane,  olefins 
and  acetylene,  but  no  soot  formation.  At  800°C  (Fig.  6)  th^re  is  little  cracking 
at  all. 

Quantitative  product  distributions  obtained  from  collection  of  solids  and  liquids 
and  analysis  of  the  gas  in  a  room  temperature  cell  are  compared  for  JP-7  and  JP-A 
fuels  at  1300°c  in  Figa.  7  and  8.  The  general  trend  validates  the  observation  from 
the  emission  spectra.  First  vaporization  of  the  fuel,  followed  by  cracking  to  light 
paraffins,  olefins,  and  benzene,  and  further  cracking  to  methane  -nd  acetylene 
accompanied  by  soot  formation.  The  trenda  are  similar  for  the  two  fuels  except  that 
JP-A  produces  more  methane  than  JP-7.  Both  fuela  show  substantial  benzene 
production. 

Data  for  JPA  at  1100  and  800*C  are  presented  in  Figa.  9  and  10.  At  1100*C  (Fig.  9) 
the  cracking  pattern  is  similar  to  that  at  1300*C  but  occurs  at  longer  residence 
times.  Also,  the  drop  off  in  the  concentration  at  longer  residence  times  seen  for 
1300°C  occurs  later  and  is  not  as  severe  for  1100°C.  This  drop  off  coincides  with 
soot  production  and  as  can  be  seen  from  the  emission  in  Figs.  5  and  6,  soot 
production  at  800°C  and  1100'C  is  minimal.  The  1100ftC  case  also  show  substantial 
benzene.  At  800#C  (Fig,  10),  little  cracking  occurs.  The  fact  that  no  benzene  is 
observed  at  800BC  Indicates  that  the  6-8T  benzene  observed  at  1100  and  1300°C  is  a 
pyrolysis  product. 


Soot  Formation  in  Pyrolysis 

Tests  using  variable  drop  feed  vibration  frequencies  showed  that  with  our  apparatus 
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Figure  4.  FT-IR  Emission  and  Absorption  Spectra  for  JP-4  Fuel  at  1300*C  at 
Several  Reaction  Distances. 


Figure  5.  FT-IR  Emission  and  Absorption  Spectra  for  JP-4  Fuel  at  1100*C 
Several  Reaction  Distances. 
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Figure  6.  FT— IR  Eaisslon  and  Absorption  Spectra  for  JP-4  Fuel  at  800*C  at 
Several  Reaction  Distances. 
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Figure  7.  Pyrolysis  Products  from  JP-7  in  Nitrogen  at  1300°C  at 
Variable  Reaction  Distances.  Gas  Velocity  is  l  ra/soc. 
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■oot  formation  was  not  aanaltive  to  details  of  drop  formation,  but  it  was  found  that 
there  were  aome  variations  in  the  emission  spectra  which  were  related  to  the 
position  and  angle  of  the  injector  with  respect  to  the  reaction  tube  center-line. 

To  make  a  meaningful  comparison  of  the  4  fuels,  measurements  were  made  without 
moving  the  injector.  The  results  are  shown  in  Fig.  11.  Results  for  3  pure 
hydrocarbons  are  shown  in  Fig.  12  for  comparison.  The  emission  intensity  appears  to 
be  a  good  measure  of  soot  density  as  shown  in  Fig.  13  where  the  intensity  is  plotted 
as  a  function  of  soot  collected.  The  emission  intensity  correlates  roughly  with  the 
aromatic  content  of  the  fuels.  The  emission  does  not  correlate  wall  with  hydrogen 
content.  ERBS  and  JP-7  both  have  a  lower  hydrogen  content  than  JP-4  but  one  is 
higher  and  one  lower  in  soot  emission.  The  relation  between  aoot  formation  in 
pyrolysis  and  in  combustion  is  discussed  in  Sec.  3. 

Soot  Characterise ica 

A  distinguishing  feature  of  the  soot  spectra  is  their  non  black-body  appearance. 

This  ehape  depends  on  the  aoot  temperature,  sise-distribution,  density  and  optical 
properties  (37 ,39-41). 

Quantitative  analysis  of  soot  spactrn  is  discussed  for  the  spectra  shown  in  Fig.  14, 
which  are  from  ERBS  fuel  at  the  onset  of  sooting  (36  cm  injector  height),  and  at  a 
longer  residence  time  (66  cm).  In  Fig.  15  the  spectra  have  been  scaled  for 
comparison  to  each  other,  and  to  the  appropriate  black-body  curve  for  the  measured 
temperature. 

The  transmission  spectra  for  these  two  cases  has  also  been  measured.  The  soot 
emission  spectrum  of  highor  intensity  in  Fig.  14  apparently  suffers  from 
self-absorption  effects.  As  shown  by  Stull  and  Flass  (42),  at  sufficiently  high 
density-pathlength  products,  all  soot  spectra  will  hava~lack-body  form.  To  extract 
information  about  the  soot  particle  else  distribution  one  should  use 
extinct ion-pathlength  products  (kl),  or  emission  spsetra  corrected  for 
self-absorption.  The  66  cm  soot  spsetrum  has  bssn  corrected  back  to  an  optically 
thin  sample  form  in  Fig.  15  by  multiplying  by  lnE'/(l-,»),  where  Vis  the  measured 
transmission  (43).  The  behavior  shown  in  the  raw  data  persists}  both  soot  spectra 
are  of  non  blacIT-body  form,  but  that  from  the  shorter  residence  time  has  a  cut-off 
at  higher  wavenumber. 

Other  information  concerning  the  sample  has  been  obtained.  A  log-log  plot  of  kL 
versus  wavelength  la  approximately  a  straight  linei  there  is  no  break  in  the  curve. 
Scanning  electron  micrographs  (SEM)  have  been  measured  of  the  soot  generated  over 
the  66  cm  distance  (Fig. 16).  These  soot  particles,  of  order  200  nm,  have 
agglomerated  into  chaine.  The  particles  generated  at  36  cm  were  too  small  to  be 
distinguished  in  our  SEM. 

In  trying  to  understand  the  difference  between  the  spectral  properties  of  eoot  at  36 
cm  and  66  cm  reepectivaly ,  there  are  two  piece*  of  background  information  that  muat 
be  conaidered.  First,  in  the  Rayleigh  limit, diameter ,  the  absorption  is  much 
greater  then  ■cattaring,  and  the  extinction  coefficient  ia  indiatinguiahable  from 
the  absorption  coefficiant  ( 39.,4.3, 43) .  There  ie  no  explicit  dependence  of  the 
spectral  shape  on  particle  size  in  this  regime  (39) . 

Also  in  the  Rayleigh  limit,  it  is  found  thst  log-log  plots  of  extlnction-pathlength 
products  versus  wavelength  are  straight  lines  in  the  region  1.5  to  10  roteronB  (3 — )• 
This  line  becomes  noticeably  segmented  only  for  larger  particle  sizes,  for  diameters 
greater  than  about  0.3  microns,  where  the  Rayleigh  approximation  breaks  down.  An 
explicit  dependence  of  extinction  on  particle  size  is  expected  for  the no  large 
particle  diameters  (37  ,41) . 
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Figure  13.  Correlation  of  Soot  Emieaion  Intanaity  from  tha  Entrained  Flow 
Reactor  with  Soot  Collected. 
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For  the  66  cn  spectra  the  log-log  plot  Is  linear,  and  the  spherical  particles  of  the 
collected  soot  have  diameters  less  than  0.3  microns.  It  seams  probable,  then,  that 
both  spectra  In  Figs.  14  and  15  are  from  samples  for  which  the  Rayleigh  limit  Is 
applicable.  However,  the  corrected  spectra  from  the  36  and  66  cm  injector  positions 
do  not  have  the  same  shape.  The  problem  posed  by  these  data  Is  that  soot  particles 
of  different  sice  from  the  same  fuel  and  essentially  the  same  temperature  have 
different  spectral  shapes,  a  difference  which  cannot  be  ascribed  to  the  explicit 
appearance  of  particle  dimension  in  the  Mle  formula  (39).  We  conclude  that  In  this 
region  of  the  spectrum  the  optical  constants  of  the  soot  vary  with  particle  else. 
Whether  the  variation  is  due  only  to  sise,  or  is  related  to  soot  H/C  ratio,  cannot 
be  determined  from  these  data  alone.  Vervisch  and  Coppalle  note  that  the  slope  of 
the  log-log  plot  of  kL  versus  depends  on  the  sent  H/C  ratios,  (37)  so  it  is 
probable  that  the  marked  variation  that  we  see  in  the  shape  of  the  emlsslvlty  has 
this  same  origin. 

Coupling  FT-IR  measurements  with  the  microscopic  examination  of  collected  soot 
should  enable  us  to  determine  whether  there  is  a  reproducible  correspondence  between 
particle  site  and  spectral  shape.  Such  correspondence  would  enable  the 
determination  of  fine  soot  particle  else  distributions  from  FT-IR  measurements. 

These  measurements  would  also  give  new  information  about  the  optical  constants  of 
soot  (41). 

For  emission  from  larger  particles,  computer  programs  like  that  being  used  by  Lee 
and  Tien  (41)  and  by  Vervisch  and  Coppalle  (37)  can  be  used  to  determine  particle 
sise  distributions  from  FT-IR  measurements. 

Soot  Temperature  Determination 


For  carbonaceous  particles,  and  for  wavelengths  greater  than  the  particle  diameters, 
radiation  scattering  is  nsgliglble  compared  with  absorption  (42,44).  Neglect  of 
scattering  is  therefore  a  valid  approximation  for  the  wavenumber  region  of  interest. 

For  an  array  of  non-opaque  particles,  the  particle  temperature  can  be  deduced  from  a 
combination  of  emission  and  transmission  measurements  by  the  application  of 
Kirchoff's  Laws,  as  used  by  Vervisch  and  Coppalle  (37). 


#,»•  Cp(T)  l-exp(-k^L) 

(D 

V1  o  "  «xP<“k^) 

(2) 

whers  is  the  emission,  C,»(T)  the  black-body  emission  at  temperature  T,  k„  is 
the  wavenumber  dependent  absorption  coefficient,  L  is  the  path  length,  is 
wavenumber  and  I_  and  IQ  are  the  transmitted  and  incident  intensities  in  the 
transmission  experiment,  respectively. 

For  the  66  cm  case  for  which  the  emission  is  shown  in  Fig.  14  the  absorbance  was 
also  measured.  It  can  be  seen  from  Eq.  1  and  2  above  that  divided  by  ( 1— I— / I0) 
should  give  a  black-body  curve  appropriate  to  the  temperature  of  the  soot.  Trie 
result  of  this  calculation  for  the  66cm  case  of  Fig.  14  is  shown  in  Fig.  17,  where 
it  is  ovsrlayed  with  a  black-body  curve  for  a  temperature  of  1250K.  It  can  be  seen 
that  the  quotient  curve  is  of  excellent  black-body  shape,  and  from  this  and 
comparisons  with  other  black-body  curves,  it  can  be  concluded  that  the  particle 
temperature  is  1250  +  15k. 

In  the  caas  appropriate  to  Fig.  17  a  suction  pyrometer  was  Inserted  into  the  gas 
stream,  yielding  a  temperature  measurement  within  10*C  of  that  deduced  above.  It  is 
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Figure  16.  SEM  Photograph  of  Soot  fron 
Pynlysls  of  ERBS  Fuel  at  1300’C  with  a 
Reaction  Distance  of  66  cn. 


expected  that  soot  and  gas  temperatures  are  essentially  the  same  for  the  case  where 
reactions  are  not  occurring  at  the  soot  surfaces  (45) . 

Combustion 


Data  for  JP-4  were  taken  as  a  function  of  oxygen  concentration  for  a  furnace 
temperature  of  1300°C.  Figure  18  shows  the  emission  spectra.  It  can  be  seen  that 
the  addition  of  oxygen  first  Increases  and  then  decreases  the  radiation  intensity. 
The  Intensity  increases  without  much  change  in  shape  and  the  absorption  increases 
suggesting  that  there  is  more  soot  at  the  same  temperature.  The  increase  of  sooting 
with  small  amounts  of  oxygen  was  discussed  by  Classman  (20).  His  explanation  is 
that  small  amounts  of  oxygen  enhance  the  fuel  pyrolysis  rate  (46)  which  leads  to  a 
higher  soot  formation  rate.  The  oxygen  will  also  reduce  the  "available  hydrogen." 

The  reduction  of  the  broad  based  amission  above  6X  oxygen  occurs  as  the  soot  is 
oxidised,  and  is  accompanied  by  an  increase  in  COj  and  HjO. 

The  quantitative  gas  composites  are  shown  in  Fig.  19.  Oxidation  of  the  gas  species 
starts  for  oxygen  concentrations  greater  than  2%.  This  contrasts  with  the 
observation  that  2X  oxygen  substantially  enhanced  the  soot  concentration  (Fig.  18). 
The  oxidation  of  the  gas  species  is  substantially  complete  at  8X  oxygen  at  which 
point,  oxidation  of  the  soot  is  beginning. 

2.2  Fuel  Characterisation  -  (Phase  I  -  Task  II) 

The  objective  of  Phase  1,  Task  11  was  to  obtain  characteristics  of  the  fuels  in 
terms  of  the  functional  group  and  molecular  weight  components,  and  the  relative 
volatility  of  these  components.  The  four  were  analyzed  by  quantitative  FT-IR,  F1MS, 
and  programmed  temperature  distillation/FT-IR.  FT-IR  and  FZHS  provided  the  most 
useful  information. 


FT-IR 

Four  fuels  of  increasing  complexity  were  studied  in  this  program.  The  fuels  and 
their  hydrogen  content,  aromaticity  and  naphthalene  content  are  listed  in  Table  II. 

Quantitetive  FT-IR  spectra  were  obtained  using  a  liquid  call  of  known  dimensions. 
Compositions  are  obtained  from  FT-IR  spectra  using  automated  computer  date-reduction 
routines  which  perform  baseline  correction,  solvent  subtraction,  spectral  synthesis, 
peak  area  determination,  library  searches  and  factor  analysis.  A  quantitative 
determination  can  be  made  of  hydroxyl,  aliphatic,  hydroaromatic  and  aromatic 
hydrogen.  From  these  data,  the  aliphatic  and  aromatic  carbon  may  also  be 
calculated.  Moreover,  Information  can  be  obtained  on  the  types  of  ether  linkages, 
and  the  distribution  of  aromatic  hydrogen.  The  techniques  have  been  described  in 
several  previous  publications  (28-30) .  The  spectra  are  presented  in  Fig.  20. 
Important  differences  in  the  four  fuels  can  be  seen.  The  ERBS  fuel  and  JP-4  have 
the  highest  aromatic  hydrogen  content  (peaks  near  850  wavenumbers).  The  dodecane 
has  the  highest  aliphatic  chain  length  (sharp  peak  near  720  wavenumbers)  and  JP-4 
has  the  highest  methyl  &roup  conconcentrat ion  (1375  wavenumbers).  Some  of  the 
compositions  derived  by  FT-IR  are  compared  to  the  ASTM  determination  in  Table  II. 

It  should  be  pointed  out  that  the  ASTM  method  includes  in  the  aromatic  percent, 
aliphatic  components  attached  to  an  aromatic  ring,  while  FT-IR  determines  aromatic 
C-U  concentrations.  The  latter  may  be  a  better  property  to  correlate  with  soot 
production. 
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Figure  19,  Pyrolyei*  Products  from  JP-4  in  Nitrogen  at  1300°C  with 
Variable  Oxygen  Concentration. 
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TABLE  II 


COMPARISON  OF  FT-IR  AND  ASTM  METHODS  FOR  FUEL  CHARACTERIZATION 


FT-IR 

ASTM 

FUEL 

XHal 

XHar 

H(calc) 

HT(Meas) 

XAromatics 

XNaphthalane 

Dodecane 

14.8 

.12 

14.9 

13.3 

0 

0 

JP-7 

14.9 

.18 

15.1 

14.4 

2.3 

0 

JP-4 

15.0 

.41 

15.4 

14.6 

13.7 

0.5 

ERBS 

10.7 

1.2 

11.9 

12. B 

30.2 

16.0 

Molecular  Wtlght  Digtributlcn  of  Fuel  Componenta  by  FIMS 


Exparimanta  to  detarmlna  molacular  weight  distribution!  In  fuals  and  hydrocarbon 
pyrolyaia  producta  have  baan  parfomad  for  AFR  with  a  Fiald  Ionisation  Maaa 
Spactromatar  (FIMS)  at  Stanford  Raaaarch  Institute.  The  technique  waa  daacribad  by 
St.  John  at  al.  (47).  FIMS  la  unique  in  its  ability  to  produce  unfragmanted 
molecular  Iona  from  almost  all  classes  of  compounds. 

Figure  21  compares  the  batch  inlet  FIMS  spectra  of  JP-4,  JP-7  and  ERBS.  Compared  to 
the  JP-4,  the  JP-7  spectra  appears  to  have  substantial  quantities  of  alkanes, 
alkenas  and  dienes  with  few  phenyl  compounds.  This  is  in  agreement  with  the  low 
aromatic  content  measured  by  ASTM  or  FT-IR.  The  ERBS  fuel  has  substantial 
quantities  of  phenyl  compounds  and  naphthalenes  in  agreement  with  its  high 
aromaticity.  The  JP-4  spectrum  was  obtained  using  the  batch  inlet  at  500'C.  The 
low  molecular  weight  (130-2S0)  alkanes  and  alkanes  appear  to  result  from  cracking, 
suggesting  that  the  batch  inlet  temperature  was  too  high.  Subsequent  runs  on  ERBS 
and  JP-7  ware  made  at  lower  temperatures. 

Diet illation/ FT-IR 

A  new  technique  was  tried  for  fuel  characterisation.  The  fuel  was  heated  at 
approximately  30'C/mln  Inside  an  FT-IR  cell  swept  with  nitrogen,  as  FT-IR  spectra 
ware  recorded.  The  spectra  obtained  during  heating  from  0  to  700*0  are  ahown  In 
Fig.  22.  Specific  regions  of  the  spectra  which  are  related  to  different  functional 
groups  may  be  integrated  and  plotted  as  a  function  of  time.  Results  for  a 
dodacane/phananthrane  mixture  are  shown  in  Fig.  23.  The  spectra  show  the  evolution 
of  the  more  volatile  dodecane  at  earlier  (low  tamparaure)  than  the  phenanthrena. 

2.3  Droplet  Generation  end  Vaporisation 

Generation 


The  study  of  the  droplet  generation  and  vaporisation  was  originally  planned  to  be 
performed  in  the  entrained  flow  reactor  as  part  of  Phase  I-Task  I.  The  optical 
access  was  not  good  for  photography  and  the  temperatures  used  for  the  pyrolysis  and 
soot  studies  were  too  high  to  study  vaporisation.  A  duplicate  of  the  droplet 
injector  assembly  used  in  the  entrained  flow  reactor  was,  therefore,  installed  in  an 
apparatus  (Fig.  24)  which  allows  the  droplets  to  pass  thtough  an  electrically  heated 
tube.  The  injection  point  and  length  of  the  heated  section  can  be  varied  to  obtain 
different  residence  times.  A  microscope  focused  at  the  tube  exit  allows  photography 
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Figure  22.  FT-IR  Spectra  taken  during  Distiliatlon  of  Phenathrene/Dodecane . 

The  Drastic  increase  in  the  Absorbance  Starting  at  Spectrum  #8  is 
caauad  by  Scattering  of  the  1R  due  to  the  Mist  of  Fuel  which  is 
being  Vaporised  from  the  Screen. 
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Figure  23.  Integral  over  Specific  Regions  of  the  Spectra  from  Fig.  22 
Function  of  Time. 
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Figure  24,  Schematic  of  Droplet  Vaporization  Apparatus 


of  the  droplet  stream  at  various  stages  of  pyrolysis.  The  liquids  ars  collected, 
weighed,  and  analysed  by  FT-IR.  Gas  is  also  collected  for  analysis. 

The  evolution  of  a  drop  stream  Is  illustrated  in  Fig.  25.  Figure  25a  shows  the 
stream  emerging  from  the  hypodermic  tube  (250  micron  OD).  After  a  short  distance, 
the  stream  starts  to  break  up  (Fig.  25b)  due  to  the  Rayleigh  instability .  Droplets 
fora,  but  are  not  spherical  (Fig.  23c  and  d)  due  to  shape  oscillation.  The  shape 
finally  settles  down  and  a  regular  straaa  of  spheres  of  about  200  micron  diameter  is 
observed  (Bottom  of  Fig.  25d).  The  drops  are  shown  in  higher  magnification  in 
Fig.  26  where  the  effect  of  drop  collisions  can  be  seen  (Fig.  26d). 

Mass  Loss 


Figure  27  shows  the  droplets  appearing  after  20  and  50  cm,  within  the  tube.  The 
droplets  at  20  cm  are  larger  than  in  Fig.  25.  Investigations  Indicated  that  droplet 
collisions  were  taking  place  at  longer  distances,  leading  to  larger  droplets.  The 
droplets  et  30  cm  (Fig.  27c)  are  clearly  smaller  than  those  at  20  cm  (Fig  27a  and 
b). 


The  droplets  were  quantitatively  collected  at  the  tube  exit  to  determine  the  amount 
vaporised.  The  results  are  presented  in  Fig.  28.  Assuming  that  the  number  of  drops 
is  constant,  the  volume  collected  to  the  2/3  power  should  follow  the  "d4"  law.  Tha 
results  ars  in  reasonable  agreement  with  the  "d*"  law. 

Fuel  Component  Separation 

Tha  composition  of  the  collected  liquid  was  analysed  by  FT-IR  to  determine  whether 
separation  of  the  fuel  components  occurs  during  vaporisation.  Figure  29  compares 
the  initial  fuel  with  the  collected  fuel  after  51  msec  (69%  volume  lose).  The  major 
change  is  in  the  chain  length  indicator  near  720  wavenumbers.  The  shorter 
components  appear  to  be  leaving  first.  Figure  30  shows  a  similar  comparison  for  tha 
ERB8  fuel.  Here  the  aromatic  components  increase  as  vaporisation  occurs. 

To  get  a  quantitative  measure  of  the  separation,  a  blend  of  dodecana  and  benaene 
(50/30  by  volume)  was  analysed  in  a  manner  similar  to  the  above.  The  FT-IR  spectra 
ware  used  to  determine  the  composition  ae  a  function  of  reaction  time.  As 
vaporisation  proceeds,  the  aliphatic  components  Increase  relative  to  benaene.  The 
calculated  percentages  are  shown  in  Fig.  31a  as  a  function  of  extent  of 
vaporisation.  Data  from  Hanean  at  al  (48)  are  presented  for  comparison.  It  was 
expected  that  the  results  would  look  like  those  for  pyridine  as  tha  boiling  point  of 
bansane  is  similar.  Instead  they  are  closer  to  tha  quinoline  data.  The  lower  than 
expected  evolution  of  bensana  suggests  that  there  is  not  much  mixing  within  the 
drop.  This  investigation  will  have  to  be  carried  further  to  study  the  effects  of 
relative  velocity. 

2.4.  Application  of  Vaporisation  and  Pyrolysis  Model  in  Conjunction 
with  Literature  Models  to  Simulate  the  Experimental  Results 
TPhaae  1 Task  III) 

The  objective  of  Phase  I,  Task  III  was  to  test  the  predictions  of  various  models  for 
droplet  heating,  vaporisation,  pyrolysis,  and  transport  against  tha  data.  Progress 
was  made  in  two  areas.  A  program  to  calculate  the  vaporisation  from  droplets  in 
AFR's  two  reactors  was  implemented  on  a  PDF  11/23  computer.  The  program  will  allow 
testing  and  Improvements  of  the  assumptions  used  in  the  heat  transfer  calculations 
and  ths  addition  of  component  separation.  A  cracking  modal  has  been  developed  and 
programmed  to  describe  the  pyrolysis  of  large  paraffins.  Sufficient  data  were  not 
collected  on  component  separation  in  vaporisation  to  teat  critically  the  predictions 


Figure  25.  photomicrograph#  of  Fuel  Stream  Emerging  from  Hypodermic  Tubi 
Breakup  into  Droplet*.  The  Tub*  OD  i»  250  Micron*.  The  average  Droplet 
la  about  200  Microne. 
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Flgur*  28.  Droplet  Vaporization  in  Helium  at  800°C.  Lines  are  Theory  for 
a)  Dodecane  in  Helium,  b)  Dodecane  in  Fuel  Vapor,  c)  Benzene  in  Nitrogen. 
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Figure  29.  Comparison  of  FT-IR  Spectra  for  tnitUL  and 
Droplets  of  JP-7  In  Helium  at  HOO°C. 
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Figure  31.  Separation  of  Components  During  Vaporization  of  Fuel  Droplets, 
a)  Benzene  in  Dodecane,  b)  Pyridine,  Quinoline  and  Acridine  in  Dodecane, 
(Nitrogen  Data  from  Hansen  et  al  48). 
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of  the  droplet  circulation  model  (49.50)  end  the  diatlllatlon  model  (11). 

Droplet  Heating  end  Vaporization 

The  vaporization  of  the  fuel  droplets  was  modeled  using  the  methods  of  Reference 
(51).  This  model  considers  the  energy  balance  to  a  droplet  which  is  stationary 
relative  to  an  ambient  gas  stream.  The  heat  into  the  droplet  is  by  radiation  i>om 
the  furnace  walla,  and  by  conduction  through  a  layer  of  fuel  vapor  and  ambient  gas 
surrounding  the  droplet.  The  absorption  of  thermal  radiation  is  negligible  for  the 
conditions  of  the  experiment  since  the  absorptivity  as  measured  by  FT-IR  (Fig.  32e) 
is  essentially  aero  except  in  a  few  wavelength  regions.  Thus,  the  energy  transport 
is  dominated  by  the  conductivity  of  the  gas  surrounding  the  droplet. 

In  Figure  32  are  the  results  of  our  modeling  calculations,  showing  the  manner  in 
Which  velocity,  temperature  and  (diameter)2  vary  with  time  for  200  micron  dodecane 
droplets  injected  into  a  800  K  furnace  at  an  initial  relative  velocity  of  200 
cm/ sec.  The  droplet  velocity  (Fig.  32f)  is  determined  by  the  force  balance  between 
Stoke* s  Law  and  the  force  due  to  acceleration. 

On  the  left  of  Fig.  32  can  be  seen  she  moat  significant  features  of  the  model.  The 
initial  portion  of  the  process  is  simply  heating  the  droplet  up  to  its  boiling  point 
(Fig.  32e),  followed  by  an  almost  laothermal  vaporization  of  the  droplet 
(Fig.  32d).  This  vaporisation  stage  is  an  equilibrium  between  heat  transported  into 
the  droplet  to  vaporise  it,  and  mass  transport  out  from  the  particle.  Much  of  the 
heat  conducted  into  the  particle  Is  used  to  heat  up  the  outgoing  fuel  vapor. 

On  the  Figs.  32f,g,h  one  can  discern  the  warm-up  period,  followed  by  evaporation  at 
the  boiling  point. 

The  most  aerloue  limitations  of  the  model  that  we  used  were  as  follows i  a)  the 
droplet  waa  assumed  to  be  Isothermal  at  all  times  and  b)  transport  and  thermal 
properties  for  the  "film"  were  evaluated  at  the  "mid"  film  temperature  and 
composition,  respectively.  A  better  correlation  with  experiment  has  been  obtained 
using  temperatures  and  compositions  evaluated  closer  to  the  droplet  (52).  We  will 
use  this  scheme  in  future  calculations. 

For  the  low  Reynolds  number  situations  corresponding  to  our  observations,  the  model 
gives  the  value  of  K  (Fig.  32d),  the  "burning  rate"  constant  for  the  "d2"  law,  as 


K  -  8k/pL  cp  1n(l  +  cp*AT/L) 


the  well-known  rate  for  stagnant  conditions  (8,10,1^)  whore  k  is  the  "film"  thermsl 
conductivity,  c  the  specific  heat  of  the  "fllm^p.  ,  the  liquid  density,  and  AT  the 
"driving"  temperature  difference  across  the  film.  L 

The  theory  for  pure  components  was  compared  to  the  data  of  Fig.  28b  for  vaporization 
of  a  dodecane/benzene  mixture.  Line  A  is  the  prediction  for  dodecane  in  helium. 

The  high  thermal  conductivity  of  helium  results  in  too  high  n  heat  transfer  rate. 
When  the  thermal  properties  of  dodecane  were  used  for  the  “film"  surrounding  the 
drop,  the  heat  transfer  rate  is  more  reasonable.  For  benzene  in  nitrogen  the  heat 
transfer  rate  is  too  low.  The  theory  appears  to  give  reasonable  predictions. 
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Caa  Phase  Cracking 


A  kinetic  model  has  been  developed  using  some  of  the  free  radical  reactions  known  to 
be  important  in  hydrocarbon  cracking  theories.  Specifically,  free  radical 
initiation  (Eq.  1),  recombination  (Eq>  3).  radical  decomposition  (Eqs.  3&4),  and  H 
transfer  reactions  (Eq.  2)  have  been  Included. 


initiation: 


■i  — ^  ®i-l  +  *CH3 


(D 


Hydroflen  Transfer!  ,  N 

Rt  +  Gj  - *  Gt  +  Rj 


(2) 


Decompositions 

Rj 


Mj> 


*  *3  +  °i-J 


°i  +  Ri-3 


(3> 

(4) 


Termination: 


*i  +  Rj 


-¥■  G 


i+J 


(5) 
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The  modal  can  treat  mixtures  of  straight  chain  olefins  and  paraffins  with  up  to  20 
carbons.  To  reduce  computational  times,  the  hydrocarbons  with  lengths  greater  than 
three  carbons  were  assumed  to  rapidly  exchange  hydrogens.  Thus,  radical  and 
hydrocarbon  populations  were  always  assumed  to  be  in  equilibrium  and  only  total 
heavy  radicals  needed  to  be  calculated  (this  approximation  is  not  accurate  for  many 
circumstances  and  will  be  Improved.  The  remaining  equations  for  radical  populations 
ware  solved  algebraloally  after  making  the  steady  state  approximation.  That  is,  for 
each  iteration,  the  gas  populations  wsre  held  fixed  and  the  equilibrium  radical 
populations  wars  calculated.  This  technique  allows  rapid  calculations  for  a  set  of 
differential  aquations  with  widely  varying  rates.  To  reduce  the  number  of 
parameters  appearing  in  the  model,  only  single  initiation  and  recombination  rate 
constants  were  used,  end  it  was  assumed  that  radical  decomposition  rates  for  the 
large  hydrocarbons  depended  only  on  chain  position,  not  on  chain  lengths.  Rato 
constants  were  taken  unchanged  from  papers  by  Doolan  and  Mackie  (33)  and  by  Allara 
and  Shaw  (54).  The  frequency  factors  for  the  initiation  and  recombination  ratee 
ware  than  adjusted  to  give  decompositions  on  the  right  time  scales.  The  model  can 
be  solved  in  approximately  3  minutes  on  a  RDF  11/23  laboratory  computer. 

A  typical  calculation  is  shown  in  Fig.  33  for  octane  decomposition.  At  short 
reaction  times  (Fig.  33a)  most  of  the  octane  remains  uncrackad.  As  time  progresses, 
cracking  occurs,  resulting  in  the  formation  of  hydrogen,  ethylene,  methane  end 
larger  products.  By  700  milliseconds  (Fig.  33f)  the  octane  is  almost  completely 
cracked.  Methane,  ethylene  and  hydrogen  are  the  dominant  products.  The  results  are 
presented  as  a  function  of  reaction  distance  in  Fig.  9  for  comparison  with  the 
entrained  flow  research  data.  There  is  reasonable  agreement  for  both  the  amount  and 
shape  of  the  predictions.  The  methane  is  under predicted,  but  as  discussed  earlier, 
the  JP-4  fuel  produces  about  twice  as  much  methane  ae  a  typical  paraffin  suggesting 
additional  methane  sources. 


3.  DISCUSSION 
Soot  Formation 


A  major  objaetlva  of  this  work  is  to  understand  tha  intaractlon  batuaan  pyrolysis, 
combustion  and  aoot  formation.  In  attempting  to  ralata  aootlng  potantlal  to  tha 
charactarlatlca  of  tha  fual,  Olaaaman  haa  arguad  that  thara  ara  a  numbar  of 
compllcatlona  cauaad  by  atudying  aoot  production  undar  combustion  conditions 
(25-27 ) .  In  this  casa  tha  laval  of  aoof.  la  a  balanca  between  aoot  formation  (in 
fual  rich  raglona  where  pyrolyala  occurs)  and  aoot  daatruction  by  oxidation.  It  la 
daar  that  tha  compating  procasaaa  which  control  aoot  production  in  flamaa  provida 
substantial  complications  which  hava  limited  progress  in  understanding  tha 
maehanlams  of  aoot  formation  and  lta  relation  to  fual  properties.  To  solve  the 

Jroblam  tha  experiments  In  Task  I  will  be  performed  undar  condition's  which  "allow 
ndepandant  control  o i  the  important  variables  ajlfoctlng  soot  formation 
{temperature,  residence time,  fual “concentration,  'fuel  lyp«.  Ion  concentration  and 
oxygen  concentration)  and  which  eliminate  the  complications  ol  lual  vaporisation, 
fual  mixing,  and  daatruction  of  soot  by  oxidation. 

Tha  study  of  aoot  formation  in  pyrolysis  may  simplify  tha  problem,  but  is  it 
relevant  to  combustion?  Results  from  Phase  I  suggest  that  this  is  so.  Figure  34 
compares  cha  aoot  amission  intensities  from  Figs.  11  and  12  to  tha  measured  smoke 
point  for  several  fuels  (55,).  There  is  an  excellent  correlation  between  tha 
parameters  measured  in  pyrolyala  and  in  combustion.  Another  good  correlation  was 
made  In  Fig.  35  with  tha  soot  emission  from  four  liquid  fuels  in  pyrolysis  and  soot 
measured  for  fuala  of  comparable  aromaticity  in  a  jet  engine  under  take-off 
conditions  (2,). 


The  study  of  soot  produced  in  pyrolyala  has  provided  soma  Important  observations  in 
Phase  1  relating  to  tha  influence  of  hydrogen  in  suppressing  aoot  formation.  In 
obtaining  the  emission  data  for  ethane  and  acetylene  (Fig.  12)  it  was  found  that  the 
pyrolysis  gaa  composition  for  ethane  (Fig.  36b)  contained  much  more  acetylene  than 
the  pyrolysis  gaa  of  acetylene  itself  (Fig.  36a).  This  was  so,  even  though  the 
ethane  produces  about  1/7  the  amount  of  soot  produced  by  the  acetylene.  A  possible 
explanation  use  that  the  more  hydrogen-rich  ethane  provided  certain  pyrolysis 
products  which  inhibited  soot  formation.  To  test  this  hypothesis,  the  soot  amission 
from  benaene  was  measured  with  and  without  ethane  addition.  Tha  results  in  Fig.  37 
.how  that  tho  ethane  addition  reduced  soot,  even  though  the  carbon  danalty  in  the 
reactor  lncreaaed. 

A  candidate  pyrolysis  product  which  may  inhibit  soot  formation  is  hydrogen.  Wang  at 
al  (56)  found  that  soot  from  acetylene  was  reduced  in  the  presence  of  hydrogen.  To 
testThia,  hydrogen  was  added  to  the  bensana.  The  emission  spectra  of  Fig.  38  shows 
the  reduction  of  soot  emission  with  hydrogen  addition. 


Baaed  on  theae  results,  the  suggestion  is  made  that  the  hydrogen  released  by  a  fuel 


in  pyrolysis  may  be  an  important  factor  in  soot  production.  This  concept  is  in 
accord  with  the  correlations  which  have  been  made  with  regard  to  soot  ylelde  versus 
aromaticity  anj  hydrogen.  The  more  aromatic  a  fuel,  the  less~hydrogen  it  can  relaxes 
in  pyrolysis,  thus,  ERB^  and  benaene  ere  high  aootlng  fuala.  In  general,  the  “more 
iromatlca  fuel,  the  lower  its  total  hydrogen,  so  low  hydrogen  and  high  aromaticity 
go 'together". "  but  what  about  JP-4  whlcn  haa  13 1  aromatics  but  a  hydrogen  value 
greater  than  JP-)  with  T".5X  aromatics,  k  clue  is  that  Jp-4  produces  about  twice  the 
methane  of  JP-7  (Figs,  fb  and  8b) .  A  plausible  explanation  is  that  JP-4  is  highly 


far  inched  wi  th  a 


,  Lan  concentration  oi  methyl  groups.  In  pyrolysis.  tKeee  groups 

f^rm  methane,  not  hydrogen,  so  that  while  JP-s  has  a  high  hydrogen  cone ~ 


_  concentration. 

its  hydrogen  releaaed  In  pyrolysis  la  low,  leading  to  high  eoot  yields. 


'Um  it  4la.laa.ra  •(  tha  prupua.l  feu  m  IImi  .pacifically  Maatillai  ky  aatariak  (*)  hi 
aukjtci  la  Iha  li.liictlan  »  ika  ca.ar  papa  ul  ikla  ptapaaal.* 
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Figur*  36,  3p«cLrs  of  Pyrolysis  Bun  From  Echo no  and  Aestylene  at  13U0*C 
for  36  cm  Resction  Distance. 


¥  As  indicated  in  Fig.  18,  the  addition  of  oxygen  also  dramatically  effects  the 

*  production  of  soot.  This  variation  appears  to  occur  because  of  the  increase  of  the 
«  pyrolysis  rate  iu  the  presence  of  oxygen.  This  is  expected  since  oxygen  will 

*  increase  the  free  radical  concentration  which  controls  the  pyrolysis  rate*  It  also 

*  reduces  the  available  hydrogen.  It  represents  another  important  variable  in 
«  identifying  the  eoot  production  mechanisms. 

*  The  mechanisms  of  soot  formation  havs  bean  discussed  by  a  number  of  authors  (25-27, 

¥  37-75).  An  excellent  collection  of  reviews  eppears  in  "Soot  in  Combustion  Systems" 

*  (TT?  which  contain  many  of  the  articles  referred  to  herein.  Soot  formation  is 

*  considered  to  be  a  series  of  proeesaaa  which  starts  with  the  growth  of  large 

*  molecules  (the  soot  precursors)  followed  by  the  nueleatlon  of  small  particles 

¥  (larger  than  1.5  nm).  The  small  particlas  grew  first  by  consuming  molecular  species 
e  and  by  coagulation  to  siaes  of  20  to  100  nm  and  finally  by  agglomeration  (up  to  1000 
¥  nm).  There  is  reasonable  agreement  that  the  coagulation  can  be  treated  by  collision 
w  theory  as  discussed  by  Prado  and  co-workers  (68.69) ,  and  Howard  and  co-workers  (62). 
¥  The  major  question  is  tha  mechanism  of  large  molecule  formation  and  particulate 

*  nucleation.  ar-T'-JnaSher  there  are  different  paths  for  paraffins  and  aromatics.- 

*  Several  featuresof  the  nucieatlon  process  have  been  identified.  J.B.  Howard,  J.P. 

¥  Longwell  and  co-worksrs  (59.61.65,71,72)  have  demonstrated  that  the  growth  of  large 
e  polycycl  ic  aromatic  hydrocaTbonsTPAH) ,  many  of  which  are  charged,  precede  the 

¥  appearance  of  soot.  Howard  has  discussed  possible  mechanisms  for  PAH  growth  which 
¥  Involve  aromatic  radicals,  unaaturated  aliphatics  such  as  acetylene  and  11  atoms. 

¥  Calcote  (66,67)  has  argued  that  radical  mechanisms  are  too  slow  to  explain  the  rapid 
¥  appearance  oTTPAH  and  that  ionic  species  are  present  in  sufficient  quantities,  and 
¥  have  sufficiently  fast  reaction  rates  to  be  the  primary  ingredient  of  soot 
¥  formation.  Glassman  and  co-workers  (23-27)  point  out  that  pyrolysis  kinetics  play  a 

*  dominant  role  in  the  sooting  tendencies  of  flames. 

*  Pyrolysis  of  hydrocarbon  fuels  produces  small  stable  species  such  as  methane, 

¥  acetylene  and  banians  as  wall  as  large  species.  The  capture  and  analysis  of  the 
¥  large  molecules  will  be  particularly  Important.  While  these  molecules  were  not 
¥  specifically  identified  in  Phase  1,  their  presence  can  be  inferred.  The  data  for 
¥  pyrolysis  at  1100*C  show  a  loss  from  total  gas  species  above  30  cm  (Fig.  9e). 

¥  There  is  no  corresponding  increase  in  the  soot  emission  (Figs.  3  and  6)  and  it  is 

*  likely  that  the  loss  of  material  is  going  to  build  heavier  molecules  not  detected  by 
w  FT-IR  in  tha  gas  phase.  A  cooled  trap  will  be  used  to  collect  this  material  for 

¥  analysis  by  FT-IR,  0C  and  7IMS. 

ej  In  future  studies,  the  relationship  between  pyrolysis,  combustion  and  soot  formation 
¥  should  be  examined  by  measuring  the  growth  of  Bmall  pyrolysis  products,  of  large 
¥  molecules  and  of  soot  for  a  variety  of  fuels  and  additives  (oxygen,  hydrogen  and 
¥  Iona)  which  affect  soot  formation. 

¥  Correlation  of  Soot  Formation  with  FT-IR  Spectra  of  Fuels 

¥  The  methodology  fur  FT-IR  analysis  was  discussed  in  Bsc.  2.2.  The  purpose  of  the 
¥  analysis  is  to  correlate  FT-IR  properties  with  combustion  behavior.  Properties  of 
¥  Interest  Include  i)  the  aromaticity  and  chain  length  indicator  as  illustrated  in 
¥  Fig.  39c  (dodecano  has  the  longaat  and  JP-4  the  shortest  chains  and  ERBS  is  moat 
¥  aromatic),  ii)  tha  Cll.  and  Cll«  wag  in  Fig.  39b  (JP-4  hon  the  highest  methyl  and 

¥  dodecane  the  lowest,  ERUS  has  Ehc  lowest  C1L  peak),  ill)  the  CH*  and  Cll,  stretch  in 
¥  Fig.  39a  (JP-4  hue  the  highest  Cll3  and  KKBS  the  lowest  Cll,,).  J 

¥  The  higher  methyl  group  concentration  for  JP- A  is  in  agreement  with  its  high  methane 
¥  yield  and  high  soot  production.  An  indication  of  hydrogen  release  in  pyrolysis  may 

*Um  *r  «ltcl Slur.  «f  th*  propel  Sol.  on  lino,  opo.lllcollp  MottifloS  kp  ootorlok  (•)  art 
OukjMt  to  th«  riitrutlpa  o»  tha  aovor  pop.  ol  thu  prspa.il.* 
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Figure  39.  Comparison  of  FT-1R  Spectra  for  Four  Fuels,  a)  Aliphatic  Stretch 
Region,  b)  Aliphatic  Wag  Region,  c)  Aromatic  Wag  Region. 


*  be  Che  CH-  stretch  at  2860cm  ^ .  This  peak  is  lower  for  the  JP-4  than  the  JP-7 • 

s 

«  To  provide  quantitation,  an  automated  curve  analysis  routine  is  available  using 

*  pre-selected  peak  positions  and  widths  to  fit  liquid  fuels.  The  fit  for  JP-4  in  the 

*  CH  stretch  region  lu  illustrated  in  Fig.  40. 

s 

*  FIMS  Analysis 

« 

e  The  raasurements  by  FIMS  using  the  batch  inlet  techniques  were  discussed  in 

*  Sec.  2.2.  In  addition  to  this  experiment,  a  controlled  heating  experiment  was  also 
»  performed  for  JP-4.  In  the  controlled  heating  experiment,  the  fuel  is  Impregnated  in 

*  a  porous  glees  and  placed  in  the  Mass  Spectrometer  at  -70*C.  Spectra  rre  obtained 

*  as  the  temperature  is  ramped  up  to  400*C.  Figure  41  shows  selectsd  spectra  for 

e  JP-4.  The  technique  allows  identification  of  the  fuel  components  a»  well  as  their 
e  volatility.  It  appears  to  be  mors  useful  than  tha  batch  system. 
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Figure  40.  Automated  Curve  Analysis  Routine  for  Quantitative  Analysis  of 
Specific  Functional  Groups. 
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4.  CONCLUSIONS  AND  RECOMMENDATIONS 


a  The  major  objective  of  this  work  waB  to  determine  how  the  fuel  characteristic1} 

*  Influence  combustion  behavior  including  atomisation,  vaporization,  pyrolysis, 

a  Ignition  and  soot  formation.  The  Phase  I  program  has  demonstrated  the  effectiveness 

*  of  mechanistic  studies  in  a  well  controlled  laboratory  reactor  with  in-situ  FT-IR 

*  diagnostics.  It  has  further  demonstrated  the  usefulness  of  using  FT-IR  and  FIMS  to 

*  characterise  the  initial  fuel  and  follow  changes  during  vaporisation  and  pyrolysis. 

*  Applying  these  techniques  in  Phase  I  has  allowed  identification  of  the  "hydrogen 

*  release  potential'4  of  fuel  as  possibly  the  most  important  factor  affecting  soot 

*  formation.  The  effect  of  low  concentration  of  oxygen  in  increasing  soot  has  also 

A  been  demonstrated.  Mechanistic  studies  should  proceed  to  elucidate  the  fundamental 
a  mechanisms,  the  role  of  hydrogen  (in  soot  suprassion) ,  and  the  role  of  oxygen  (in 
A  soot  enhancement  and  oxidation)  and  should  also  extend  the  studies  to  conditions 
a  closer  to  combustion  in  a  jet  engine.  The  following  questions  raised  in  Phase  1 
a  should  be  addressed. 

A 

a  S  The  interesting  observation  that  soot  formation  in  pyrolysis  appears  to 

a  depend  on  the  released  from  ♦■he  fuel  in  pyrolysis  must  be  investigated 

a  to  quantify  the  result  and  determine  whether  it  applies  for  oxidative 

a  conditions  and  high  pressures. 

A 

A  *  If  Hj  released  during  pyrolysis  is  the  chief  factor  controlling  soot 

a  formation,  correlations  must  be  developed  to  predict  H,  released  using 

a  fuel  characteristics  and  combustion  conditions.  Also,  what  does  this 

A  result  tell  ua  about  the  soot  formation  process? 

A 

a  •  The  increase  in  soot  production  with  oxygen  will  have  to  be  investigated 

a  to  determine  the  mechanisms  and  fit  it  into  the  modal  for  pyrolysis  and 

a  soot  production. 

A 

a  g  Savaral  changes  in  experimental  techniques  are  needed  tc  improve  the 

a  mechanistic  studies.  Variations  in  droplet  size  and  droplet  collisions 

a  wera  observed  using  a  vibrating  tube  droplet  generator.  An  improved 

a  piezoelectric  droplet  generator  to  provide  more  regular  droplet  sizes  and 

a  wider  spacing  should  be  employed  for  the  additional  mechanistic  studies. 

a  The  in-eitu  emission  and  transmission  measurements  were  subject  to 

a  variation  caused  by  variations  in  flow  homogeneity.  A  better  controlled 

a  flow  in  front  of  the  optical  window  should  be  provided. 

A 

a  •  The  gas  phase  reaction  model  has  been  developed  for  cracking  reactions 

a  with  hydrocarbon  radicals  only.  Further  work  is  needed  to  optimize  the 

a  reaction  kinetics,  add  oxygen  containing  radicals  and  expand  the  model  to 

describe  large  molecule  building  which  occurs  in  coot  formation. 

a  •  Fuel  composition  variations  were  observed  during  vaporization.  The 

a  results  suggest  that  component  separation  falls  between  the  extremes 

a  expected  for  complete  mixing  and  equilibrium  distillation.  To  provide  an 

a  adequate  test  of  drop  vaporization  theories,  experiments  must  be  performed 

a  as  a  function  of  relative  drop  velocity. 

A 

a  •  The  experiments  at  one  atmosphere  must  be  extended  to  characterize  the 

a  behavior  at  typical  engine  pressures. 

*U.a  or  4UtlB.ur*  •!  th*  yrapaaat  .at a  an  liata  a,«c  ideally  Uaittll*.  By  aatatta.  (*)  tit 
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